Vagus nerve stimulation (VNS), first used for seizure treatment in the 1880s, was approved by the FDA in 1997 after decades of animal studies demonstrating reduction of chemically-induced seizures, 1, 2 and subsequent promising human trials beginning in the early 1990s.
In an evaluation of predictors of response to VNS therapy, the authors determined a small but statistically significant trend toward a greater benefit in pediatric patients (<18 years old) compared with adults (≥18 years old). 8 Identifying the efficacy of VNS in pediatric populations is particularly important because FDA approval in 1997 was for adults and adolescents >12 years old, based on trial data that was available at the time. Also notable from the meta-analysis was that children younger than six years old appeared to have a more significant decrease in seizure frequency (62 %) than older populations. The authors stratified outcomes by epilepsy etiology where reported, though these data were limited to a significantly smaller pooled population (517 patients); the greatest benefit was found in patients with post-traumatic epilepsy and tuberous sclerosis.
Deep Brain Stimulation
Deep brain stimulation (DBS) has proven efficacious in treating advanced Parkinson's disease via implantation in the subthalamic nucleus and globus pallidus interna, 9, 10 and is currently under investigation for use in a number of other central nervous system (CNS) disorders such as depression, 11 obsessive-compulsive disorder, 12 Tourette's syndrome, 13 and epilepsy. DBS surgery involves advancing a macroelectrode through the brain such that the cranial electrode tip
terminates in a precise anatomic location, typically selected using a fine-cut pre-operative magnetic resonance image (MRI) in conjunction with stereotactic head-frame guidance. The tip of the electrode contains multiple electrical contacts, the settings of which can be adjusted on an outpatient basis using a subcutaneously implanted generator.
Stimulation is programmed by the treating physician and is typically continuous. The generator is typically placed below the clavicle and connected to the cranial electrode via an extension wire, which can be performed as a separately staged procedure, or on the same day as the cranial electrode implantation.
Though DBS has been studied for treatment of refractory epilepsy in multiple anatomic targets since the 1980s-including the centromedian nucleus of the thalamus and the cerebellum-the most robust data have come from stimulation of the anterior nucleus of the thalamus (ANT) 14, 15 and the medial temporal lobe. 16 These data led to the initiation of the Stimulation of the anterior nucleus of the thalamus for epilepsy which are connected to a programmable neurostimulator implanted in a craniectomy beneath the scalp. The ability to record cortical electrical activity is meaningful for the device because it allows for two distinct advantages:
• long-term, chronic ambulatory cortical recordings can be downloaded and at two years a responder rate of 46 % (n=102). Safety endpoints from the trial were not higher than those reported in DBS implantation trials. Of note, 34 % of trial patients had already undergone VNS stimulation prior to enrollment, and 32 % had undergone prior therapeutic epilepsy surgery. Results were not stratified for these individuals, so the utility of RNS in patients who fail other surgical alternatives remains to be determined.
Surgical Removal of Epileptogenic Tissue

Temporal Lobectomy
Resective surgery has long followed the principle of identifying and removing a focus of tissue responsible for seizure initiation (after confirming that the area is not responsible for a critical cortical function), or disconnecting areas that may be responsible for seizure propagation.
Thus, resective surgery relies heavily on intensive pre-operative planning with advanced imaging and electrographic techniques in order to localize involved areas with a high degree of confidence. Present day advances in the realm of resective surgery are moving toward identifying pathologic tissue and planning the optimal extent of resection, gathering long-term outcomes, and integrating less invasive techniques such as stereotactic radiosurgery, radiofrequency ablation and MRI-guided laser produced thermal lesioning.
Extent of Resection
Poor prognosis in mesial temporal lobe epilepsy (MTLE) has been associated with hippocampal sclerosis as a histologic finding, the signs of which are seen on MRI as hippocampal atrophy and T2 hyperintensity. These data lend credence to the idea that MTLE is a heterogeneous disease with variable tissue involved outside of just the hippocampus-a theory relevant to the long-standing debate surrounding the optimal extent of resection in MTLE surgery.
In the 1950s, Niemeyer introduced a limited resection by isolated removal of the mesial structures via a transcortical, transventricular selective amygdalohippocampectomy (SAH). 26 As subsequent modifications in technique were described, 27 including resection of the anterolateral temporal lobe, amygdala, and hippocampus, there remained no clear evidence to support one particular method of resection over another. One of the strongest studies providing evidence that extent of hippocampal resection influences seizure outcome was a prospective randomized study by Wyler, published in 1995. 28 At one year, patients who had undergone total hippocampectomy (to the level of the superior colliculus) had 69 % seizure-freedom, compared to 38 % in those who had undergone partial hippocampectomy (to the anterior edge of the cerebral peduncle). In 2001, a randomized controlled trial established that temporal lobectomy (6-6.5 cm of non-dominant or 4-4.5 cm of dominant anterior lateral temporal lobe) with amygdalohippocampectomy (at least 1-3 cm of anterior hippocampus) is more effective than medical therapy alone in patients with MRE. 29, 30 Around the same time, a number of non-randomized studies reported outcomes based on variable resection of the anterolateral temporal lobe and mesial temporal structures, some of which suggested that larger extents of resection led to better outcomes. [31] [32] [33] One prospective trial compared outcomes in patients who had received anterior temporal lobectomy (ATL) versus SAH and found no significant difference in seizure freedom at follow-up (72 % of ATL patients with mean follow up 6.7 years and 71 % of SAH patients with mean follow up 4.5 years). 34 However, small studies evaluating the volume of resected tissue based on analysis of post-operative MRI have suggested that patients who are seizure free have a larger volume of tissue resected than those who have persistent seizures, without having an effect on neuropsychological outcomes. 35 More specifically, larger hippocampal resection, and more extensive amygdalohippocampal complex resection and total temporal resection have been associated with better outcomes. 36, 37 In order to address extent of mesial temporal resection in relation to outcome, results from a randomized trial of 2.5 versus 3.5 cm mesial temporal resection were recently described. 38 Study patients received either partial temporal lobectomy or SAH, and within these groups were randomized to 2.5 or 3.5 cm resection of the hippocampus-parahippocampal bloc. The authors found no significant difference in seizure freedom between all 2.5 and 3.5 cm resection groups (74 and 72.8 % respectively).
However, in subgroup analyses, the temporal lobectomy group had significantly higher seizure freedom compared to the SAH group (83.8 versus 67.2 %, p=0.013). The authors acknowledge the comparison of the temporal lobectomy group to the SAH group is subject to confounding factors and bias, since the trial was not designed to randomize patients between these two groups.
In sum, there is strong evidence that hippocampal resection should be at least 2.5 cm, but no clear evidence that definitively favors one technique of resection over another in treating medically refractory MTLE, though a number of studies indicate that amygdalohippocampectomy along with a variable extent of anterolateral temporal resection achieves good seizure freedom outcomes.
Long-term Outcomes
In the wake of robust evidence that resective surgery for focal epilepsy carries a high likelihood of seizure remission, recent discussion has centered around the long-term durability of these effects. A meta-analysis of long-term outcomes for grouped temporal and extra-temporal surgery found a pooled seizure freedom rate of 62 % for studies with 5-10 year follow-up, but only 38 % with more than 10-year follow-up. 39 One group demonstrated that patients who underwent anterior temporal lobectomy, which across studies maintains higher seizure freedom rates than extra-temporal surgery, achieved only 41 % seizure freedom at 10 years. 40 A recent study examined long-term outcomes in a large cohort of 615 patients who underwent a variety of resective procedures for seizures, the pre-operative characteristics of which are unspecified. 41 Amongst all patients who underwent a resective procedure, 47 % were seizure free (or had simple partial seizures) at 10 years. Of those who underwent anterior temporal resection, 49 % were seizure free at 10 years; temporal lesionectomy patients had the highest percentage seizure freedom at 56 %; those with extratemporal resections had a greater probability of seizure recurrence (31 % seizure free at 10 years). It therefore remains imperative in pre-operative planning to include a comprehensive discussion that seizures recur amongst certain populations in the long-term (>10 year) more than others, and may mandate continuation or implementation of pharmacologic therapy.
Stereotactic Radiosurgery
The idea that MTLE could be treated with stereotactic radiosurgery (SRS) emerged as reports accumulated suggesting that stereotactic radiosurgery reduced seizure rates after lesional treatment (arteriovenous
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malformations, glial, and metastatic tumors). [42] [43] [44] SRS consists of precisely focused radiation delivered to an intracranial region of interest, selected using a fine-cut MRI and/or computer tomography (CT) scan. The MRI scan and radiation treatment are done with the patient in a stereotactic head-frame, which is fixed to the skull using percutaneous pins requiring only minimal local anesthesia.
Despite its minimally invasive appeal, stereotactic radiosurgery presents unique concerns compared to open surgical resection because of two radiation-specific concepts:
• tissue response to radiation, and thus the desired effects of 
